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Abstract
We study gaugino condensation in presence of an anomalous U(1) gauge
group and find that global supersymmetry is dynamically broken. An ex-
ample of particular interest is provided by effective string models with 4-
dimensional Green-Schwarz anomaly cancellation mechanism. The struc-
ture of the hidden sector is constrained by the anomaly cancellation con-
ditions and the scale of gaugino condensation is shifted compared with the
usual case. We explicitly compute the resulting soft supersymmetry break-
ing terms.
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1 Introduction
Among the scenarios for breaking supersymmetry, the condensation of gaug-
inos in a hidden sector remains a favourite one [1]. Gaugino condensation
is indeed central to the idea of dynamical supersymmetry breaking in the
context of gauge symmetries. But in its explicit realizations in superstring
models [2], it suffers from a number of drawbacks. The degeneracies as-
sociated with the flat directions of the scalar potential are lifted but the
corresponding degrees of freedom such as the dilaton are not stabilized and
the true ground state is found at infinite field values where supersymme-
try is restored. In order to overcome this problem, so-called “racetrack” or
multicondensate models [3] have been proposed where two terms of different
orders conspire in order to stabilise the field and provide a supersymmetry-
breaking minimum.
Many of the superstring models have an anomalous U(1)X gauge sym-
metry [4] which could play a important role in issues such as fermion mass
hierarchies [5, 6], cosmology [7] and ... gaugino condensation. The latter
connection was recently stressed by Banks and Dine [8].2 Indeed, the anoma-
lous U(1)X has mixed anomalies with the other gauge symmetries –those
of the standard model as well as the hidden sector–, anomalies which are
cancelled through a 4-dimensional Green-Schwarz mechanism [9] using the
couplings of the dilaton superfield to the gauge superfields. It is therefore not
surprising that the whole issue of supersymmetry breaking through gaugino
condensation is deeply modifed in such models. Moreover, because in the
Green-Schwarz mechanism all the mixed anomalies are non-vanishing and
proportional to one another, there must exist fields charged under U(1)X in
the observable as well as in the hidden sector. The U(1)X gauge symmetry
thus serves as a messenger interaction competitive with the gravitational
interaction. In this paper, we wish to stress the modifications that the pres-
ence of such an anomalous U(1)X symmetry is bringing to the scenario of a
2 We wish to thank Luis Iba´n˜ez for drawing our attention to this paper and the whole
issue.
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dynamical supersymmetry breaking through gaugino condensation.
To be more specific, the relevant couplings of the dilaton superfield S
to the gauge superfields Va, VX (of respective gauge invariant field strengths
Wαa ,W
α
X) of the groups Ga and U(1)X read in the global limit:
LS,V = −
∫
d4θ ln(S + S+ − δGSVX)
+
∫
d2θ
[
S
4
(
∑
a
kaTrW
α
a Waα + kXTrW
α
XWXα) + h.c.
]
(1.1)
where δGS is the Green-Schwarz coefficient and ka (kX) is the Kac-Moody
level of the group Ga (U(1)X ). Under a U(1)X gauge transformation (A
X
µ →
AXµ + ∂µα), S is shifted as
S → S +
i
2
δGSα(x). (1.2)
The complete Lagrangian is invariant provided the mixed U(1)X [Ga]
2 anomaly
coefficients Ca satisfy the condition
δGS =
Ca
ka
=
CX
kX
=
Cg
kg
, (1.3)
where Cg is the mixed gravitational anomaly proportional to TrX. Indeed
a string computation yields
δGS =
1
192π2
TrX. (1.4)
The mixing between S and VX in the Ka¨hler potential (1.1) gives rise to a
D-term in the scalar potential:
VD =
g2X
2
(∑
A
XAKAφ
A +
1
4
kXg
2
XδGSM
2
P
)2
, (1.5)
where MP is the Planck scale,
kXg
2
X =
2
S + S+
, (1.6)
and KA is the derivative of the Ka¨hler potential K with respect to the
field φA. The presence of the Fayet-Iliopoulos term induced by the U(1)X
2
anomaly usually induces a non-zero vacuum expectation value for one (or
more) field of X charge of sign opposite to δGS .
In the case where there is no anomalous U(1), a non-anomalous R-
symmetry under which the S superfield undergoes a translation similar to
(1.2) imposes that the scale Λ at which the hidden sector gauge coupling
becomes strong (which sets the scale for the corresponding gaugino conden-
sates) behaves as
Λ ∼MP e
−
kS
2b0 , (1.7)
where b0 is the one-loop beta function coefficient for the hidden sector gauge
group and k is its Kac-Moody level. This is obviously not invariant under
the U(1)X transformation (1.2) of S. This shows that the presence of an
anomalous U(1)X necessarily modifies the standard discussion of gaugino
condensation.
This study goes beyond the case of effective superstring models. Indeed,
it is not unusual that, in the course of sequential gauge symmetry break-
ing, appears an anomalous U(1)X abelian gauge symmetry whose mixed
anomalies are cancelled through a Green-Schwarz type mechanism using
an effective degree of freedom with dilaton-axion couplings. Thus we will
consider in what follows the general case of a gauge model with symmetry
group SU(Nc)×U(1)X with a non-vanishing Fayet-Iliopoulos term and the
following matter content: Nf ≤ Nc flavors, a dilaton-axion superfield and
a chiral supermultiplet which breaks the anomalous U(1)X symmetry and
whose vacuum expectation value helps to cancel the U(1)X D-term.
In section 2, we analyze in detail this model with global supersymmetry.
It is shown, using an effective lagrangian approach, that global supersym-
metry is dynamically broken.
In section 3, we compute the resulting soft breaking terms in the observ-
able sector and discuss their phenomenological consequences. We end with
some comments.
3
2 Gauge group G = SU(Nc) × U(1)X with Nf ≤ Nc
flavors
The model that we consider is an extension of SUSY-QCD based on the
gauge group SU(Nc) with Nf ≤ Nc flavors of “quarks” Q
i of U(1)X charge
q in the fundamental of SU(Nc) and “antiquarks” Q˜ı¯ of charge q˜ in the
antifundamental of SU(Nc).
Since we want to avoid SU(Nc) breaking in the U(1)X flat direction (1.5),
we require that the charges q and q˜ are positive (this is in fact not restrictive:
see the comment in the footnote below). We then need at least one field of
negative charge in order to cancel the D-term (1.5). For simplicity we will
introduce a single field φ of U(1)X charge normalized to −1.
The classical lagrangian compatible with the symmetries is L = Lkin +
Lcouplings, where we assume a flat Ka¨hler potential for the matter fields:
Lkin =
∫
d4θ
[
Q+e2qVX+VNQ+ Q˜e2q˜VX−VN Q˜+ + φ+e−2VXφ
]
+ LS,V (2.8)
and
Lcouplings =
∫
d2θ(
φ
MP
)q+q˜mı¯iQ
iQ˜ı¯ + h.c. . (2.9)
As stressed in the introduction, the model can be studied per se or be
used as an illustrative example of a hidden sector where supersymmetry is
dynamically broken in presence of an anomalous U(1). In the former case,
MP is the scale of the underlying non-anomalous theory (say the mass of
some heavy fermions we have integrated upon), in the latter case it is the
Planck scale.
The mixed anomaly U(1)X [SU(Nc)]
2 which will fix, through (1.3), all
the mixed anomalies in the model is given by
CN =
1
4π2
Nf (q + q˜) = kNδGS . (2.10)
We thus require q+ q˜ > 0, which in turn justifies the presence of the super-
potential term (2.9).3
3Alternatively, since from (2.10) q+ q˜ and δGS have the same sign, we would still avoid
One may note, using (1.2), that the following combination
f = kNS −
Nf
8π2
(q + q˜) ln
φ
MP
(2.11)
is invariant under U(1)X . Such a gauge kinetic function would be obtained
by integrating over the hidden matter degrees of freedom, assuming unbro-
ken supersymmetry. It could then be used to determine the gaugino masses.
We will see however that supersymmetry is broken, which makes matters
less straightforward.
The two scales present in the problem are:
- the scale at which the anomalous U(1)X symmetry is broken which is
set by
ξ =
1
2
k
1/2
X gXδ
1/2
GSMP . (2.12)
- the scale at which the gauge group SU(Nc) enters in a strong coupling
regime:
Λ =MP e
−8π2kNS/(3Nc−Nf ), (2.13)
where we have used (1.7) with b0 = (3Nc − Nf )/(16π
2). Notice that, by
using the transformation (1.2), we find that the dynamical scale Λ has a
charge qΛ = Nf (q + q˜)/(3Nc −Nf ).
From now on, we will suppose that Λ << ξ. We could write the effective
theory below the scale ξ and study within this theory the strongly coupled
SU(Nc) theory. It is however simpler to keep the complete theory down to
the scale Λ since most of the nontrivial effects we will obtain result from an
interplay between the scales Λ and ξ.
Below the scale Λ the appropriate degrees of freedom for Nf < Nc are
the field φ and the mesons M iı¯ = Q
iQ˜ı¯. The effective superpotential is fixed
uniquely by the global symmetries [10, 11] as follows
W = (Nc −Nf )
Λ
3Nc−Nf
Nc−Nf
(detM)
1
Nc−Nf
+ (
φ
MP
)q+q˜mı¯iM
i
ı¯ (2.14)
SU(Nc) breaking in the U(1)X flat direction with q + q˜ < 0. The field φ which cancels
the D-term would then be chosen with charge +1.
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and is seen to be automatically U(1)X invariant. Similarly, the gaugino
condensation scale
< λλ > =
(
Λ3Nc−Nf /detM
) 1
Nc−Nf (2.15)
is also U(1)X gauge invariant, as it should be.
The gauge contributions to the scalar potential can be computed along
the SU(Nc) classical flat directions. The result is
VD =
g2X
2
[
(q + q˜)Tr(M+M)1/2 − φ+φ+ ξ2
]2
. (2.16)
The auxiliary fields, computed from (2.14) and (2.16) are
F¯S+ = −
8π2
MP
kN (S + S
+)2
Λ
3Nc−Nf
Nc−Nf
(detM)
1
Nc−Nf
(2.17)
and
(F¯M+)
ı¯
i = 2

−(M−1)¯i Λ
3Nc−Nf
Nc−Nf
(detM)
1
Nc−Nf
+ (
φ
MP
)q+q˜m¯i

 [(M+M)1/2]ı¯¯,
F¯φ+ =
q + q˜
MP
(
φ
MP
)q+q˜−1Tr(mM) ,
DX = g
2
X
[
(q + q˜)Tr(M+M)1/2 − φ+φ+ ξ2
]
. (2.18)
In the limit S → ∞, the scale Λ vanishes and we can choose M iı¯ = 0
and φ = ξ to cancel all these auxiliary fields. This is the usual global su-
persymmetry minimum at infinite values of S which leads to the dilaton
stabilization problem. We will assume that the dilaton is stabilized at some
finite value S0, possibly through some extra S-dependent term in the super-
potential (we will therefore refrain from using (2.17)), and that FS(S0) = 0.
Indeed we are going to show that, even in this unfavorable case (supersym-
metry conserving groundstate for S), the other fields present in the theory
yield supersymmetry breaking because of the anomalous behavior of U(1)X .
From now on, we will therefore restrict our attention to the auxiliary fields
(2.18) associated with M iı¯ , φ and the U(1)X gauge degree of freedom.
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It is readily seen that the system of equations FM = Fφ = DX = 0 has
no solution as long as ξ 6= 0 that is q + q˜ 6= 0. Therefore supersymmetry
is dynamically broken. As usual, the origin of supersymmetry breaking is
chiral: the non-abelian gauge group content is vector-like but Qi and Q˜ı¯ do
not transform in a vectorlike fashion under U(1)X : q 6= −q˜; this is precisely
what drives the anomaly, which is therefore the source of chirality in the
model.
We will now minimize the scalar potential in terms of M iı¯ , φ at fixed
S = S0 value such that FS(S0) = 0:
V =
1
(S + S+)2
F¯S+FS + F¯φ+Fφ +
1
2
(F¯M+)
ı¯
i[(M
+M)−1/2]j¯ı¯ (FM )
i
j¯ + VD.
(2.19)
In order to be able to give analytic solutions, we make a few simplifying
asumptions. First, we linearize the minimization procedure by looking for a
minimum in the vicinity of:
a) φ0 = ξ, the field value which minimizes VD in the absence of conden-
sates;
b) (M0)
i
ı¯, the solution of (F¯M+)
ı¯
i = 0:
(M0)
i
ı¯ = (m
−1)iı¯(detm)
1/NcΛ
3Nc−Nf
Nc
(
ξ
MP
)Nf−Nc
Nc
(q+q˜)
. (2.20)
One can make a field transformation in order to have a diagonal matrix mı¯i,
in which case (M0)
i
ı¯ is also diagonal. Since we are only interested in orders
of magnitude, we will make the assumption that mı¯i = mδ
ı¯
i and search for
solutions M iı¯ =Mδ
i
ı¯ of the equations of motion.
The minimum is obtained by making around the field configuration
(M0)
i
ı¯ ≡M0δ
i
ı¯ an expansion in the parameter
ǫ ≡
M0
ξ2
=
(
Λ
ξ
) 3Nc−Nf
Nc
[
m
MP
(
ξ
MP
)q+q˜−1]Nf−NcNc
. (2.21)
One obtains
< φ+φ > = ξ2
[
1 + ǫNf (q + q˜) + ǫ
2N2f (q + q˜)
2
(
−
(Nc −Nf )(2Nc − 2Nf )
2N2c
(q + q˜)
7
+
1
g2X
mˆ2
[
1−
Nf
Nc
(q + q˜)
])
+O(ǫ3)
]
, (2.22)
< M > = M0
[
1−
ǫ
2
Nf (Nc −Nf )(2Nc −Nf )
N2c
(q + q˜)2 +O(ǫ2)
]
, (2.23)
where we have introduced the scale
mˆ = m
(
ξ
MP
)q+q˜
. (2.24)
The value of the auxiliary terms at this ground state are, to leading order:
< DX > = −ǫ
2mˆ2N2f (q + q˜)
2
[
1−
Nf
Nc
(q + q˜)
]
,
< Fφ > = ǫmˆξNf (q + q˜),
< FM > = −ǫ
2mˆξ2
Nf (Nc −Nf )
Nc
(q + q˜)2. (2.25)
One may note that < D
1/2
X >, < Fφ/φ > and < FM/M > are all of the
same order ǫm˜. This will have definite consequences for the soft terms, as
we will see in the next section. Also, using (2.21), one checks that this order
of magnitude goes to zero as Λ → 0, as well as ξ → ∞ (at fixed value of
ξ/MP ). This shows once again the mixed role that the two scales Λ and ξ
play as far as supersymmetry breaking is concerned in this model.
A similar analysis can be performed when Nf = Nc ≡ N . In this
case, new degrees of freedom must be introduced in the low energy effective
lagrangian [12]
B = ǫi1···iNQ
i1 · · ·QiN , B˜ = ǫı¯1···¯ıN Q˜ı¯1 · · ·Qı¯N . (2.26)
The effective superpotential compatible with all the symmetries reads
W = U ln
detM −BB˜
Λ2N
+
(
φ
MP
)q+q˜
mı¯iM
i
ı¯ , (2.27)
where U is a Lagrange multiplier, physically interpreted as the gauge com-
posite superfield U = TrWαNWNα. As in the Nf < Nc case, the system of
equations FU = FM = FB = FB˜ = DX = 0 has no solution and global
supersymmetry is broken.
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The properties of the model do not depend either on the assumption of
a single φ field. Similar conclusions can be reached when one considers for
example a vector-like pair of such fields.
3 Soft terms in the observable sector
We now use the results of the preceding section to determine the order of
magnitude of the soft terms in the observable low energy sector of quarks,
leptons and gauginos.
The magnitude of the soft terms in the observable sector is fixed by the
auxiliary fields Fφ, FM and DX . At the tree level of the Lagrangian of our
model, we find soft scalar masses m˜2i and trilinear soft terms Aijk given by
the expressions4:
m˜2i = Xi < DX >, Aijk = (Xi +Xj +Xk)
Fφ
φ
, (3.28)
where Xi is the U(1)X charge of the corresponding field Φ
i. Gaugino masses
in the hidden sector are also induced: mλ ∼ Nf < FM/M >. The gaugino
masses in the observable sector are absent at tree level and are induced
by standard gauge loops. Notice that, because supersymmetry is broken,
gaugino masses are not simply given by the gauge invariant kinetic function
(2.11).
In the preceding section we obtained, in the limit Λ ≪ ξ, the following
relation among the auxiliary fields < FM/M >∼< Fφ/φ >∼< D
1/2
X >.
Consequently, all the soft breaking terms induced at tree level are of the
same order. By using (2.21) and (2.25), we obtain
m˜ ∼ Nf (q + q˜)
Λ3
ξ2
[
m
Λ
(
ξ
MP
)q+q˜]Nf/Nc
= Nf (q + q˜)
< λλ >
ξ2
, (3.29)
where m˜ generically denotes a soft-breaking term (3.28) and we have used
(2.15) in order to derive the last relation. This relation is indeed central
4 We assume the presence in the superpotential of terms of the form
(φ/MP )
Xi+Xj+XkΦiΦjΦk, as allowed by the U(1)X symmetry.
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to the kind of models described here and stresses the connected role of the
relevant scales: ξ as the scale of messenger interaction and the gaugino
condensate as the seed of supersymmetry breaking (although, as stressed
earlier, the chiral nature of the U(1)X plays an important role: q 6= −q˜).
We now restrict our attention to hidden sector models where the mes-
sengers of supersymmetry breaking are the anomalous U(1)X gauge and
gravitational interactions. The scale MP is therefore the Planck scale. Eq.
(3.29) should be compared with the gravitationally-induced soft terms of
order
m˜|grav. ∼
< λλ >
M2P
, (3.30)
which must be included if the supergravity interactions are switched on.
Since
1
Nf (q + q˜)
(
ξ
MP
)2
(3.31)
is a small number in the context of superstring models, the supergravity soft
terms can be neglected and the soft terms computed above can be viewed
as phenomenological predictions of these models. It is worth noting that,
using (2.10) and (2.12), the factor Nf (q + q˜), which may be large and is
model dependent, drops out out of the ratio (3.31). One is left with a pure
number which depends on the gauge coupling –as a genuine one-loop effect–
and the Kac-Moody levels.
If ξ ∼ MP , phenomenologically interesting soft terms m˜ ≤ 1 TeV call
for Λ ≪ Λ0, where Λ0 is a typical intermediate condensation scale: Λ0 ∼
1013 TeV.5 For ξ ≪MP the required values of Λ depend on the parameters
of the hidden sector Nf , Nc, q + q˜. A generic prediction in this case is a
rather light gravitino:
m3/2 ∼
< W >
M2P
∼
Nc
Nf (q + q˜)
(
ξ
MP
)2
m˜. (3.32)
It is useful to notice that generally Nf (q+q˜) > Nc. Then, by using (2.25), we
find DX > 0, which means that scalar particles with positive U(1)X charges
5 We assume here that m ∼MP .
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will acquire positive squared masses. This is a very welcome feature of the
model since, by using the mixed anomaly conditions (1.3), (1.4), we know
that the fields in the observable sector must have predominantly positive
charges.
This is also consistent with the interpretation of the U(1)X as an hori-
zontal symmetry which may explain the low energy mass spectrum [5, 13,
6, 14, 15]. In this context, positive charges are required in the model pre-
sented above to account for the observed fermion masses and mixings. The
anomalous symmetry also plays an important role in constraining the soft
terms [16, 17, 18].
A general feature of the models presented is the large scale of gauge
symmetry breaking. Despite the fact that the messengers of supersymmetry
breaking are mostly gauge interactions, the resulting soft terms have much
lower values, as a result of a conspiracy between the two scales Λ and ξ.
This is to be contrasted with the standard gauge-mediated scenarios where
the scale of supersymmetry breaking is much lower [19]. In particular, as
we have seen, in the limit where the two scales are very far away Λ→ 0 or
ξ →∞, supersymmetry is restored.
There are several aspects which we did not address in this short paper
and which we reserve for further studies: one is the question of dilaton
stabilization since the scalar potential has a complicate S dependence in
its F -term through the scale Λ and its D-term through the coupling gX .
Another is the generalization to other gauge structures with a chiral content
and explicit superstring realizations.
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